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PREFACE 
Understanding the nature and dimension of the food problem 
and the policies available to alleviate it has been the focal 
point of the Food and Agriculture Program at the International 
Institute for Applied Systems Analysis (IIASA) since the program 
began in 1977. 
In the program we are not only concerned with policies over 
a 5-15 year time horizon, but also with a long term perspective 
to obtain a comprehensive understanding of the food problems of 
the world. 
As we anticipate over the coming decades a technological 
transformation of agriculture which will be constrained by resource 
limitations and which could have serious environmental consequences, 
a number of important questions arise. 
(a) What is the stable, sustainable production potential of 
the world? of regions? of nations? 
(b) Can mankind be fed adequately by this stable, sustainable 
production potential? 
(c) What alternative transition paths are available to reach 
desirable levels of this production potential? 
(a) What are sustainable, efficient combinations of techniques 
of food production? 
(4 What are the resource requirements of such techniques? 
( £ 1  What are the policy implications at national, regional 
global levels of sustainability? 
Stability and sustainability are both desirable properties 
from the considerations of inter-generational equity as well as 
of political stability and peace. 
We hold environmental considerations to be of critical 
importance in answering the questions posed. 
This report presents the results of a case study of Kenya 
carried out as a part of the FAO/UNFPA Project INT/513, Land 
Resources for Populations of the Future, being carried out in 
collaboration with the Food and Agriculture Program, IIASA. 
The results are preliminary and should be regarded as the 
first approximation. At the present time a detailed case study 
of Kenya (Phase 2, FAO/Kenya/IIASA Study) is being carried out. 
As understanding of the ecological and technological limits of 
food production is a critical part of agricultural development 
planning, this report highlights the results for Kenya and the 
methodology of evaluating agricultural production potential, 
population supporting capacity and soil degradation hazards. 
Policy relevance and implications for Kenya are briefly discussed. 
This preliminary report in collaboration with the Land and 
Water Division of the FA0 is the first of a series on the potential 
and limits of food production in developing countries. 
K.S. Parikh 
Acting Program Leader 
Food E Agriculture Program 
IIASA 
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INTRODUCTION 
"Is there sufficient land to sustain the likely world 
population in the year 2000?" Previous estimates of the 
populations that can be supported by the arable lands in 
the world vary from 7.5 to 40 thousand million. However, 
these estimates have not taken account of some crucial aspects, 
(Dudal, FAO, 1980) namely: 
a) Quality of lands, their productive capacities and 
hence their varied potentials for supporting 
different 1evels.of population on a degradation- 
free and sustained basis. 
b) Alternative crops (with differing climatic and 
soil requirements) . 
c) Levels of inputs and management. 
d) Socio-economic factors. 
The ability of land to produce food is limited. The limits 
of production are set by soil and climatic conditions and the use 
and management applied. Any "mining" of land beyond these limits 
will, in the long term, only result in degradation and ever 
decreasing productivity. Accordingly, there are critical levels 
of populations that can be supported, in perpetuity, from any 
given land area. 
Recognizing these facts within the context of a rapidly 
expanding world population, FA0 and UNFPA, in collaboration with 
the International Institute of Applied Systems Analysis, 
initiated project INT 75/P13 to determine the limits of population 
supporting capacities of lands. A further objective is to 
compare these estimates with data on present and projected 
populations and so identify critical areas where land resources 
are insufficient to support existing and/or future populations 
and where action is urgently required to rectify this situation. 
It is hoped that the results of the study will be used as an 
improved physical resource base for planning future population 
activities and that the work will shed light on many migration/ 
land resource issues. 
This paper describes the methodology developed for the study 
and the results obtained for the continent of Africa. The 
results represent a "first approximation" of the general situation 
as revealed by interpretation of a 1.5 million scale land 
inventory and need to be interpreted with due caution. More 
detailed country studies are required and will be the object 
of a Phase I1 of the project. The reported work has been 
guided by international expert consultations held under the 
auspices of FA0 and UNFPA (FAO, 1978, 1980). 
METHODOLOGY 
Land Suitability and Productivity 
The methodology developed, to assess the potential population 
supporting capacity of lsnd, uses six principles which are funda- 
mental to any sound evaluation of land namely: 
i) land suitability is only meaningful in relation to a 
specific use, e.g. land suited to the cultivation of 
cassava is not necessarily suited to the cultivation 
of white potato; 
ii) the evaluation of production potential is made in 
respect of specified input levels, e.g., whether 
fertilizers are applied, if pest control is effected, 
if machinery or hand tools are being used; 
iii) suitability refers to use on a sustained basis, that 
is the envisaged use of land must not result in its 
depletion, e.g., through wind erosion, water erosion, 
salination or other degradation processes; 
iv) evaluation involves comparison of more than one 
alternative type of land use, e.g. suitability for 
millet or sorghum or maize, and not just for a 
single crop; 
v) different kinds of land use are compared at least on 
a simple economic basis, i.e., suitability for each 
use is assessed by comparing the value of the produce 
to the cost of production; 
vi) an interdisciplinary approach is adopted, the evaluation 
being based on inputs from crog ecologists, agronomists, 
climatologists and economists, in addition to those from 
pedologists. 
These priciples are described in a "Framework for Land 
Evaluation" (FAO, 1976) and are as formulated over the past 
years through international cooperation. 
Figure,l illustrates, in a simplified form, the methodology 
developed to assess land suitability, the numbers in the cells 
of the figure relating to the step descriptions in the present 
section. The methodology is applied for each of the three 
levels of input circumstances shown in Table 1. Each of the 
assessments considers 16 crops to ascertain maximum potential 
calorie production. The 16 crops considered are listed in 
Table 2, in comparison with the twenty most widely grown crops 
of the world. The sixteenth crop, grassland, is used for the 
estimation of livestock potential and its associated population 
supporting capacity. 
Basic to the assessment is the soil and climatic inventory 
shown at the head of the flow chart, Figure 1, step (1). This 
inventory comprises overlay of a specially compiled climatic 
inventory onto the 1.5 million FAO/UNESCO Soil Map of the World 
(FAP, 1971-79). The Soil Map records the composition, location 
and extent of some 5000 mapping units which are associations 
of soil units. The legend to the map is based on 26 major soil 
units, 106 soil units and 12 phases important to production 
management. The climatic inventory differentiates major 
climates (e.g. warm tropics) and lengths of growing periods zones 
at 30 days intervals (e.g. 120 -150 days). Measurements of the 
unique agro-ecological zones resulting from this combination 
allows quantification of the land resources of all developing 
countries in terms of soil and climatic conditions matched to 
the soil and climatic requirements of crops. 
This is achieved by first applying major climate/crop 
temperature requirement rules to ascertain "suitable crops" 
i. e. which crops can be considered further (6) . The main 
features of the climatic inventory created by the study for 
the assessment of agro-climatic crop suitability (Kassam et all 
1977 and Kassam 1979) are: 
a) classification of crops into climatic adaptability 
groups according to their fairly district photosynthesis 
characteristics. 
b) classification of temperature and moisture requirements 
of crops. The quantification of heat attributes and 
moisture conditions is based on the actual temperature 
regime during the growing period and a water balance 
model comparing precipitation with potential 
evapotranspiration. 
The data utilized for the calculation of the water balance 
and for further climate-related calculations, comprise meteoro- 
logical records from 850 stations where extended data on rainfall, 
maximum and minimum temperatures, vapour pressure, wind speed 
and sunshine duration is available on a monthly and yearly 
basis. 
Individual crop productivity values, (Kassam, 1979 et. al) 
as determined for each major climate and each length of growing 
period zone, are then applied (8). The agro-climatic productivity 
is modified by soil suitability rules (9) to (11), (Sys and 
Riquier, 1979). The 1.5 million FAO/UNESCO Soil Map of the World 
VH: Very high Productivity 
H: High Productivity 
M : Moderate Productivity 
L: Low Productivity 
NS: Not Suitable 
F: Fallow 
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- FAO, 1979. Production Yearbook 1978. Vol. 32, FAO, Rome. 
(FAO, 1971-79) has been used for the provision of essential 
soil, slope, texture and phase data. The next step in the 
methodology is the application of rest period rules, (12), 
(Y0un.g and Wright, 1979). The extent of the necessary rest 
period is dependent on the level of input, soil and climatic 
conditions and crops. Many soils of the tropical and sub- 
tropical regions cannot be continuously cultivated, in their 
natural state, with annual food crops without undergoing 
degration and hence it is important to incorporate the relevant 
rest periods. 
In addition to the effects of climatic and soil factors on 
yield and production potentials, these two factors also need to 
be considered in respect of their effects on degradation of land 
and resultant reduced yield and production potentials. Degradation 
of land takes place in many ways, water erosion and wind erosion 
being the most obvious in rainfed crop production. Computations 
of the rate of soil loss under various climatic, soil and land 
use circumstances reveal the severity of the degradation hazard 
in the various agro-ecological zones (Arnoldus, 1980, FAO/UNEP/ 
UNESCO, 1979). In the present study degradation hazard input 
(13) is taken into account after the other physical factors 
influencing productivity have been considered, and is applicable 
only to those tracts of land found to be at least marginally 
productive. 
The final step in the estimation of crop production potential 
in terms of caloric value is the application of crop-wise calorie/ 
protein yield levels with appropriate reductions for seed and 
waste, (FAO, 1980). 
LAND PRODUCTIVITY AND CROP MIX 
Figure 2 shows the steps in the assessment of optimal crop 
mix choice. This assessment uses the results of the land 
suitability and productivity, Figure 1, and determines for 
each agro-ecological zone a crop mix subject to certain con- 
straints depending on the mode under which the land productivity 
is evaluated, (Fischer and Shah, 1979). 
Three modes of evaluation are considered, namely: 
Mode 1: Selects for each zone a crop mix in order to 
maximize calorie production. 
Mode 2: Maximizes zonal calorie production subject to a 
calorie/protein ratio constraint. 
Mode 3: Maximizes zonal calorie production subject to 
a given cropping pattern. (Present Crop Mix 
Constraint) 
In the following, the three modes will be described in a 
more formal way. Let Xij denotes the share of crop i, i=1, ..., NCOM 
in the land use of cell j, j=1, ..., NCELL, in a particular 
agro-ecological zone. Similarly, let CALij and PRTij denote the 
potential calorie and protein production of crop i in cell j. 
On the zone level, we define CALIR and PRTIR to be the calorie 
and protein production from irrigation whereas CALREQ and 
PRTREQ denote country-specific calorie and protein requirement. 
Finally, B . ,  i=l, ..., NCOM, is the share of each crop in the 
present cuitivation practice. Using the above notation, the 
different modes can be described in the following way: 
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'ij i=l 'ij . CALij 
NCOM 
j = 1, ..., NCELL 
NCELL NCOM NCELL NCOM 
CALIR+ 1 < 1 
'i j CALij - PRTREQ j=1 i=1 1 X i j  pRTij) j=1 i=l 
> 0 i=1, ..., NCOM ; j=1, ..., NCELL Xij - 
Remark: Because of the calorie and protein production from 
irrigation, the mode 2 problem might be infeasible. In this 
case, CALIR and PRTIR are ignored in the protein constraint. 
Mode 3: 
NCELL NCOM 
max 1 I Xij - CALij 
'ij j=1 i=1 
NCOM 
j=1, ..., NCELL 
NCELL 
< . A i=1, ..., NCOM 1 Xij -- j=1 TAREA 
where 
CAREA j=1, ..., NCELL, denotes the extent of crop land j ' 
area in cell j and TAREA the total zonal crop land area, i.e. 
NCELL 
TAREA = I CAREA . 
j=1 j 
The scalar A may be used to specify which portion of the land 
is to be allocated according to the present cultivation practice. 
Any land left after solving problem (3) is allocated as under 
MODE 1. 
Although all three problems have been posed in the form 
of a linear program, the mode 1 case has a very simple solution. 
The algorithm just picks the most productive crop (in terms 
of calories) in each cell. If this solution together with 
production from irrigation satisfies the calorie/protein 
constraint in the zone, then this crop mix is also optimal for 
mode 2. In practice, we have found that this applies to a 
considerable number of zones in Africa. 
The choice of crop mix depends on, for example at a 
country-level, the food and non-food crop requirements for 
domestic use and for trade. These are basically determined 
by the traditional diet as well as prices and relative profita- 
bility of each crop. For example a strategy for a particular 
country crop mix could take the form of satisfying (100% or 
less) the domestic food requirements and maximizing the export 
earnings of the surplus. In the present project phase the aim 
was to evaluate the maximum food production potential and in 
this context the non-food crops were not explicitly considered 
in the case of rainfed production. The food - equivalent value 
of irrigated nonfood crops have been included in the quantifi- 
cation of the caloric/protein value of irrigated crops, 
(FAO, 1979, Wood, 1979). 
In the second phase of the project, for particular country 
case studies, the methodology will take account of the aspects 
such as non-food crops, domestic and trade requirements of all 
crops, input and infrastructure requirements, etc. 
As shown in Figure 2, once the maximum potential calorie- 
protein production for each length of growing period zone is 
ascertained (rainfed and irrigated), application of country 
specific per capita calorie-protein requirements (15) allow compu- 
tation of the potential population supporting capacity in each 
zone in each country. This data is conputed as potential population 
densities (persons per ha.) and is compared with present 
population density data (17) to identify critical zones where, 
according to the level of input envisaged, potential sustained 
production from land resources is insufficient to meet the 
food needs of the populations already living in these areas. 
Country population projections for the year 2000 - U.N. medium 
variant projections, are also compared w-ith country potential 
population densities to identify critical zones, 
i.e. zmes which will be critical with regard to food production 
for their future populations. At the scale of the assessment, 
it has not been possible to take into account existing or 
projected trade of food supplies between countries. The results 
for Africa, with the "no trade" assumption, are presented in 
the present contribution. 
For any particular country (or region), the number of 
alternative evaluations, summarized in Fig. 3, are 18 for the 
yezr 1975 and another 18 for the year 2000. 
OPTIMAL CROP U I X  PHOGRAU 
MODE 3: PCMlX CONSTRAINT 
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CROP CHOICE PER CELL 
CALORIE A N 0  PROTEIN 




Fig.  2 
Land Productivity and crop mix 
- Mode 1 : Potential with maximum calorie production 
- Mode 2: Potential with maximum calorie production 
and with protein constraint 
- Mode 3: Potential with maximum 'calorie production 
and with present crop mix constraint 
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CONSTRAINT CONSTRAINT CONSTRAINT 
F i  CJ . 3  Alternative runs for assessment of population supporting capacity 
- Year 1975 or (2000) 
- Three levels of technology: low, intermediate or high 
(1 975: Total number runs for one country = 18) 
(2000: Total number runs for one country = 18) 
RESULTS 
In this paper the results for three alternative scenarios 
will be discussed, namely, 
Hi h Level The potential population supporting capacity if all 
Inputs rainfed cultivable land were put to optimal use -
through an application of high level of inputs 
including complete mechanization, complete installation 
of all necessary soil conservation measures and culti- 
vation of only the most calorie-protein productive 
crops. 
Inter- The potential population supporting capacity if all 
mediate rainfed cultivable land were utilized under an inter- 
Level of mediate level of inputs, with crop optimization 
Inputs confined to presently unused (but potentially 
cultivable) areas and with application of simple 
conservation measures to lessen land degradation. 
Low Level The potential population supporting capacity, assuming 
of Inputs only hand labour (no fertilizers, pesticides, 
insecticides) and extending the presently grown 
mixture of crops to all rainfed potentially cultivable 
lands but without conservation measures and hence 
with productivity losses due to land degradation. 
These estimates are compared with data on present popula- 
tion in the length of growing period zones to identify critical 
zones where land resources are insufficient to meet present 
food needs. 
While there is no simple methodology to undertake population 
projections on a zone basis, projections are available on a 
country level data, appropriate zone potential population 
supporting capacities are aggregated to arrive at the potential 
for each zone as a whole, these zone potentials are compared 
with zone projections (year 2000 medium variant), as well as 
with present populations. This allows identification of 
critical zones where land resources are (or will be) insufficient 
to supply the food needs of present and/or projected populations. 
The present popalation data employed in this comparison is 
based on the most recent country census data for administrative 
areas. The zone totals are derived from this by map overlays 
and approximation, according to the extents of the various zones 
occurring in each administrative area. For these computations, 
the census data (various years) were brought forward to 1975 and 
the country totals adjusted to correspond with current UN 
estimates. 
The results of these comparisons, for Africa, are as 
£01 lows : 
Africa Zone Results Compared With Present Population. 
Results of the assessment for each length of growing period 
zone in Africa, combined for all countries, are presented by 
major climates in Table 3. The zones occurring in each major 
climate are listed on the left hand side of the table. Column 2 
records the total extent of the zone; column 3 the present 
population in the zone and column 4 is the present population 
density in the zone expressed as persons per hectare. The 
remaining six columns of the table (5 to 10) show the results 
of the assessments of potential populations supporting capacities 
of the zones under the three levels of input envisaged. Column 
5, 7 and 9 show the potential density and columns 6, 8 and 10 
show the ratio of potential to present population (year, 1975). 
Ratios of less than 1.0 indicate that the potential population 
supporting capacity of a zone is less than the present population 
in that zone. Such situations are underlined, to indicate 
zones where the envisaged use of the land resources cannot meet 
the food needs of the existing population. In considering the 
results, the reader is again cautioned that the assessment 
represents a "first approximation" of the situation and that the 
results need to be interpreted with due caution particularly as 
no account is taken of trade between surplus and deficient zones. 
Over the vast area of the tropics, the highest population 
densities are generally found in the moderately cool and cool 
(highland) areas. Maximum densities of more than C.4 persons 
per hectare occur in most of the wetter parts of these climates 
(more than 240 days length of growing period zones), decreasing 
to 0.3 and 0.2 persons per hectare as the length of growing 
period shortens and conditions become less suitable for crop 
growth. Only in the extremely arid areas (less than 75 days 
growing period zones) do ?resent population densities decrease 
below 0.2 persons per hectare. 
This present situation does not accord with the potential 
population supporting capacities of zones in these major climates 
which contain a considerable number of large cities. Under ].ow 
input conditions the majority of zones in the cool tropics 
contain more people than the land can support (11 critical zones) 
and the situation is no better in the moderately cool tropics 
(12 critical zones). Even under intermediate and high levels 
of inputs, some zones still remain critical. 
The situation in the vast areas of the warm tropics 
!lowlands) in Africa is not, in general, critical. This climatic 
area could support more than three (3.397) times the present 
population even under a low level of inputs. Present population 
densities range from 0.319 persons per hectare in the wetter 
areas (365-days growing period zone) to 0.026 persons per hectare 
in the driest areas (0 days growing period zone). 
However, within this overall picture of the warm tropics, 
critical areas do occur. Under low level of input conditions, 
the entire area of the Sahelian zone is critical. On the average, 
all lengths of growing period zones of less than 150 days already 
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carry twice the number of people (potential to present population 
ratios 0.005 to 0.656) that can be supported under low inputs. 
Even under intermediate input conditions, all zones of less than 
75 days length of growing period are critical and cannot meet 
the food needs of the existing populations. 
Similar findinqs qenerally hold true for the relatively 
small areas of sub-t;opics with- summer rainfall. A summary of 
the number of critical zones in these climates of Africa i.s 
shown below. 
Number of Critical Zones Major Climate and 
(Number of Zones) Low Inputs Intermediate High 
Inputs Inputs 
Warm Tropics (1 8) 
Moderately Cool 
Tropics (1 6) 
Cool Tropics (1 6) 
Cold Tropics (1 1 
Warm Sub-tropics, 
Summer Rainfall ( 1 0) 
Moderately Cool Sub- 
tropics, 
Summer Rainfall (9) 
Cool Sub-tropics, 
Summer Rainfall (9) 
Cold Sub-tropics 
Summer Rainfall (1 1 ) 
Total (80) 5 3 29 2 1 
In contrast with the above results covering Africa south 
of the Sahara, the results for sub-tropics with winter rainfall 
are not so critical under an intermediate level of inputs. 
In areas of sub-tropics with winter rainfall in North Africa, 
present population densities range from more than 1.0 persons 
per hectare in wetter areas (more than 210 day length of growing 
period zones) to less than 0.1 persons per hectare in the driest 
areas (0 days length of growing period zone). Und.er low level 
of input circumstances, 5 out of 10 zones in this major climate 
are critical. Under such input circur.stances the worst situation 
would occur in the highly populated coastal zone of 210 days to 
240 days length of growing period where the potential/present 
population ratio is 0.256. 
Under the intermediate level of input circumstances only 
one zone (90-120 days) is critical and even in this case, the 
potential/present population ratio is very close to 1.0 
(i.e. 0.985). Under high levels of input circumstances, all 
length of growing period zones in the sub-tropics with winter 
rainfall are not critical with the exception of the cold 
(mountain) areas. The number of critical zones in Africa is 
shown below. 
Major Climate and Number of Critical Zones 
(Total Number of Zones) Low Inputs Int. Inputs High Inputs 
Cool Sub-tropics, 
Winter Rainfall (1 0) 
Cold Sub-tropics, 
Winter Rainfall (1) 
Total (1 1) 
SUMMING-UP 
The ability of land to produce food is limited and the 
limits of production are set by soil and climatic conditions 
and by the use and management employed. Any "mining" of land 
beyond these limits leads to land degradation and reduced 
productivity. Accordingly, there are critical levels of 
populations that can be supported from any specific land area. 
Any attempts to produce food for populations in excess of these 
critical levels will, in the long term, result in failure. 
Degradation of land, hunger and eventual reduction in population 
are the outcome of such practices. 
Estimates of the potential population supporting capacities 
of lands at a global level, are being made to identify critical 
areas where land resources are insufficient to meet the food 
needs of the people living in them. Results for Africa show 
that the continent as a whole has sufficient cultivable land 
for food self sufficiency. Under an assumption of a low 
level of inputs, the combined potential productivity from all 
51 countries could feed 50 percent more people than the estimated 
year 2000 population. At an intermediate input level, the land 
resources could adequately provide for more than 5 times the 
projected population. Such however is only the overall situation 
assuming massive and unlimited movement of food between and 
within countries and a major movement of people and infra- 
structure building in areas which are as yet under-utilized. 
At the individual zone level, the situation changes 
markedly due to very large differences in land resource endowment. 
While it is not yet possible to satisfactorily effect population 
projections at the zone level, comparisons of zone potential 
population supporting capacities with present populations indi- 
cate the present situation. In large areas of the warm tropics 
(lowlands), present population densities are generally less 
than the potential population supporting capacities. 
One major exception is however apparent, namely the drier 
lands comprising length of growing period zones of less than 
150 days which, on average, are already carrying twice the number 
of people that can be supported at the low level of input. The 
present population of such zones is 79.4 million and the land 
area 933.2 million ha., a density of 0.08 persons per ha. The 
potential population supporting capacity of these lands is 
0.04 persons per ha. Even at the intermediate input conditions, 
some of these zones in specific countries remain critical, as 
do all zones with less than 75 days growing period. The present 
populations in such zones is 29.7 million and the land area 
616.2 million ha., a density of 0.04 persons per ha. The 
potential population supporting capacity is 0.02 persons per 
ha. 
Another, but less well recognized and publicized major 
critical area occurs in Africa, namely in the highland areas 
with benign moderately cool and cool climates. The potential 
population supporting capacity of these zones is 0.20 persons 
per ha. at the low level of inputs management. Even with 
attainment of the intermediate level of inputs, many zones in 
these climates remain critical and, in specific areas, some 
zones rernain critical even at the high level of inputs manage- 
ment. 
Three solutions only are possible in the later circumstance 
where the situation is critical at the hiqh level of inputs 
and four solutions in the in the former circumstance where 
the situation is critical at the intermediate level of inputs. 
For those areas that already carry more people than the land 
resources can support at the high input level, solutions 
involving population planning, food importation and major 
land improvements (singly or in combination) are the only 
long-term remedies. Continuation of the present situation in 
critical areas can only lead to accelerated worsening conditions 
through land degradation, declining productivity and malnutrition. 
In areas where the situation is critical at the inter- 
mediate input level, a further possibility is apparent, namely 
raising the input level to attain additional production. The 
economics of this and of major land improvements however, 
require careful investigation. 
The present recognition of critical areas identifies 
locations where more detailed work, incorporating aspects outside 
the scope of this first general study, is required to adequately 
plan for the wellbeing of present and future populations. 
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